The median eminence at the base of the hypothalamus serves as an interface between the neural and peripheral endocrine systems. It is the site where hypothalamic releasing hormones are released into the portal capillary bed to be transported to the anterior pituitary, which provides further signals to target endocrine systems. Of specific relevance to reproduction, a group of about 1000 neurons in mammals release the gonadotropin-releasing hormone (GnRH) peptide from neuroterminals in the median eminence. During the life cycle, there are dramatic changes in reproductive demands, and we focus this review on how GnRH terminals in the median eminence change during reproductive senescence. We discuss morphological and functional properties of the median eminence, and how relationships among GnRH terminals and their microenvironment of nerve terminals, glial cells, and the portal capillary vasculature determine the ability of GnRH peptide to be secreted and to reach its target in the anterior pituitary gland. Keywords median eminence; hypothalamus; GnRH; glia; tanycyte; reproductive aging
estradiol and progesterone) and protein hormones ( Figure 1) . All of the HPG levels must function normally for reproduction to occur, and during aging, each of these levels undergoes changes that may conribute to reproductive dysfunction and ultimately failure. Here we will discuss age-related changes in the hypothalamic median eminence in general, and in GnRH terminals in particular, and provide speculation about how this may influence reproductive senescence in females.
The median eminence is one of eight circumventricular organs -regions surrounding the cerebral ventricles -in the central nervous system. 1 As such, these brain regions contain porous blood-brain barriers, postulated to enable the circumventricular organs to sense and respond to chemical signals conveyed by the circulatory system within these limited regions in the brain. Two circumventricular organs, the median eminence (ME) and the organum vasculosum of the lamina terminalis (OVLT), are located within the hypothalamus and are involved in neuroendocrine regulation. The median eminence in particular also sends neuronal signals to regulate the peripheral endocrine organs through the hypophyseal portal system, which is the only portal system in the brain (Figure 1 ). 2 The median eminence is one of three portal systems in the human body (the hepatic and renal portal system being the other two), and as the brain's only portal system, it has unique structural and functional properties. Unlike the general capillary system that drains the blood into the heart directly through a vein, a portal capillary system drains blood into another capillary system through veins. The portal system in the median eminence provides a way for the hypothalamus to communicate with the peripheral endocrine system by both sending and receiving signals through the portal vasculature. It also provides a selective barrier of three layers: the fenestrated endothelial processes, the basal lamina and glial endfeet. 3, 4 Another unique feature of the median eminence is the presence of specialized glial cells, tanycytes, which form a bridge between the portal system and the third ventricle. 3 Tanycytes provide an interconnection between the bloodstream and other parts of the brain through the cerebrospinal fluid (CSF). 5 Thus, the median eminence should be considered to be the communication center from the brain to the rest of the body, via endocrine signals; the route for the body to communicate to the brain, via the leaky fenestrated capillary system; and a route of communication among other brain regions, via the CSF.
Finally, the median eminence, while a neural structure at the base of the hypothalamus, is largely devoid of neural perikarya, dendrites and synaptic contacts.6 , 7 Despite this unusual organization, the nerve terminals, glial cells and the portal vasculature of the median eminence are able to communicate with each other, as evidenced by the presence of many different types of neurotransmitter receptors in this region (reviewed in 8). The lack of synapses and somatic neural bodies suggests that cell-to-cell communication in the median eminence is probably mainly through volume transmission.9
Although the median eminence clearly exhibits important and unique features and roles, it is a surprisingly under-studied brain region, a gap that needs to be filled for better appreciating the mechanisms for neuroendocrine control during the life cycle.
The ultrastructure of the median eminence
The ultrastructure of the median eminence has been carefully studied by light, transmission and scanning electron microscopy. Four distinctive zones can be discerned from dorsal to ventral, as shown in Figure 2 : the third ventricular zone, myelinated axon zone, neural profile zone and capillary zone.7 , 10 Under the electron microscope, numerous protrusions (blebs) are distributed on the floor of the third ventricle showing different functions of this area compared to the lateral portion of the third ventricle, which are covered by cilia. In the ventricular zone, ependymal cells and tanycytes line the walls of the third ventricle. 11 In the myelinated axon zone, myelin-covered oxytocin and vasopressin neural axons travel through the median eminence to the posterior pituitary. The neural profile zone contains unmyelinated neuronal processes targeting the portal vasculature in the basal median eminence -these are the hypothalamic releasing and inhibiting hormone neural processes. Finally, the capillary zone is characterized by the presence of large neuroterminals, extensive extracellular space and fenestrated capillaries. The extended long processes of tanycytes are seen in all four zones, with tanycytic endfeet in contact with the basal lamina of the fenestrated portal capillary.
The axons of hypothalamic releasing hormone neurons such as GnRH exhibit punctate immunolabeling. For example, GnRH terminals are described as "varicosities" or "puncta" 8, 10 because of the discontinuous appearance of the axons that project to the median eminence. Punctae along the neuronal profiles contain abundant large secretory vesicles and small vesicles that are probably on transit to terminals at the portal capillary system (Figure 2 ).
GnRH in the median eminence
The median eminence contains neuroterminals that release the hypothalamicadenohypophysial releasing/inhibiting hormones, among which is GnRH. Although neurons that synthesize these hormones have terminals in the median eminence, the synthesis of these hypothalamic adenohypophysial hormones occurs in neural cell bodies found in different subdivisions of the hypothalamus. In the case of GnRH, cell bodies are distributed in the preoptic area and medial basal hypothalamus, with some variability across species. The synthesis of GnRH begins with the transcription of its gene to an RNA primary transcript in the nucleus. Following further processing, the mature mRNA is translocated to the cytoplasm. Translation of mRNA occurs in the endoplasmic reticulum and Golgi apparatus, followed by budding of large secretory vesicles, which contain the precursor peptide. Prohormone peptide splicing continues by enzymes in the large secretory vesicles and results in the production of the decapeptide GnRH, which is transported from perikarya to axon to terminal, and stored and released from secretory vesicles in the neuroterminals into the portal vasculature bed in the median eminence 12 (Figure 1) . Thus, the median eminence is the region where release of GnRH and other hypothalamic neuropeptides is controlled, as synthesis occurs elsewhere in the hypothalamus. The microenvironment of the median eminence, including hypothalamic neuroterminals, the surrounding glial cells, and the extracellular fluid that surrounds these structures and the portal vasculature, enables communication among these elements. Considering that the release of GnRH occurs in discrete pulses on the order of approximately hourly intervals in mammals, the coordination of pulses likely depends upon physical and chemical interactions in the median eminence. Indeed, studies showing that explanted median eminence has the capability of releasing GnRH in pulses suggest that there is an intrinsic ability of this region to coordinate this process. 13, 14 
GnRH release and reproductive aging
In young adults, the GnRH peptide is released at a frequency of approximately 30-60 minutes depending upon the species and the study. 13, 15 , 16 This pulsatile pattern of release is critical to the development and maintenance of reproductive capacity. In females of those species with spontaneous ovulatory cycles, such as primates and rodents, the amplitude and frequency of GnRH pulses changes across reproductive cycles to control folliculogenesis and ovulation. Although it is now well-accepted that GnRH is the primary regulatory hormone of the HPG reproductive axis in adulthood, the role for GnRH in reproductive senescence is less clear. Some of the lack of clarity is due to species differences. In rodents, reproductive failure occurs in mid-life, a period during which the ovaries continue to have the capacity to produce follicles and ovulate (reviewed in 17 , 18). Thus, reproductive senescence in rodents is likely attributable to a neuroendocrine change. However, it is probably not due to changes in the numbers or morphology of GnRH perikarya, which vary relatively little with age.19 , 20 Rather, we believe these differences in function are due to a combination of factors that regulate GnRH cell bodies and dendrites (e.g., neurotransmitters), and potential changes at the level of GnRH terminals in the median eminence, as the latter is the most immediate site for release of the decapeptide. These possibilities are not mutually exclusive. Central nervous system (CNS) inputs to GnRH perikarya undergo documented changes with aging -for example, glutamatergic stimulation of GnRH neurons decreases with age, and GABAergic inhibition increases with age (21; reviewed in 22). The summation of these and other CNS regulatory inputs to GnRH is manifested in rodents as a decline in pulsatile release of GnRH, together with a loss of the surge mode of GnRH/LH release that precedes ovulation. At the level of nerve terminals, there may also be differences in age-related regulatory factors, as the median eminence is rich in neurotransmitters and receptors, but we are not aware of published studies addressing this specific issue.
The diminution of hypothalamic drive with age also relates to the potential decline in both negative and positive feedback regulation of GnRH release by steroid hormones. 23 However, experiments on feedback to GnRH neurons have focused at the level of GnRH perikarya -not the nerve terminals in the median eminence. An important future area of research is to determine whether membrane hormone receptors such as GPR30 may be expressed on GnRH cells, and if so, whether the GnRH terminals express this receptor. This would enable feedback from estradiol to act directly and rapidly upon GnRH release. It was recently reported using a fetal primate GnRH cell culture that GPR30 is co-expressed in GnRH perikarya. 24 Our laboratory has ongoing experiments designed to evaluate and quantify the co-expression of GPR30 on GnRH terminals in the median eminence of aging rats using double-label immunofluorescence and confocal microscopy. Our preliminary data show that 1) GnRH terminals co-express GPR30; 2) overall, there is a significant age-related increase in this coexpression; and 3) estradiol up-regulates GPR30 co-expression in GnRH terminals in young but not aging rats (M. Noel, S. Ng, K. Resendiz, A.C. Gore, unpublished). These data remain to be confirmed, but they provide tantalizing evidence for a direct site of regulation of estradiol on GnRH release at the level of the median eminence, and for an age-related loss of responsiveness.
As already mentioned, there are species differences in the aging of the hypothalamic GnRH system. Studies in women and non-human primates show that the proximal event for menopause is the loss of ovarian follicles through a process involving accelerated follicular atresia. However, neuroendocrine markers do change in primates, and in some cases, precede the period of exponential follicular atresia in a manner that has some parallels to rodents. For example, prior to or during the perimenopause, an erosion of positive feedback effects of estradiol25, an elevation of FSH26, a decrease in serum anti-Mullerian hormone26, and other physiological changes have been reported (reviewed in 23). In addition, a loss of negative feedback during the perimenopause may not initially be observed in perimenopausal women, but it develops gradually with years post-menopause, suggesting an eventual hypothalamic/ pituitary dysregulation. 27 , 28 It is extremely difficult to measure GnRH directly from nerve terminals in the median eminence, due to an inability to detect GnRH in peripheral serum, together with the obvious limitations of measuring the release of a hormone from the brain. This has deterred the ability to measure how GnRH release changes with aging. To our knowledge, there are two studies that directly measured GnRH neurosecretion with aging, one in rats and one in non-human primates. In the rat, Rubin & Bridges performed push-pull perfusion on GnRH release from the medial basal hypothalamus of ovariectomized rats given steroid hormones to induce positive feedback. 29 They showed a significant decline in GnRH release of the older rats, a finding that mirrored previous work on the diminution of gonadotropin release with aging in rodent species.
The other study that directly measured GnRH release also utilized push-pull perfusion of the median eminence in young adult and perimenopausal (ovarian intact) rhesus monkeys. 16 We demonstrated a robust increase in pulsatile GnRH release. Mean GnRH release was significantly increased, and although GnRH pulse amplitude was elevated, this latter effect was not significant (probably due to a small sample size, as it was very difficult to obtain very aged female rhesus monkeys). Nevertheless, we observed in three out of four of our perimenopausal monkeys some very elevated GnRH pulses that exceeded even preovulatory GnRH levels. 16 This report of an age-related increase in GnRH has parallels to studies showing increases in LH in rhesus monkeys and women,30 , 31 and increases in gonadotropin free-alpha subunit in postmenopausal women. 31 Although there are differences in exactly which parameters of GnRH release increase with age (i.e., mean levels, pulse amplitude, pulse frequency), these are relatively minor compared to the consensus for an age-related upregulation of these neuroendocrine hormones. We interpret these data to mean that a loss of steroid hormone feedback with menopause in primates initially results in an up-regulation of GnRH, and subsequently gonadotropin, secretion. However, with greater time postmenopause, the negative feedback effect on GnRH/LH release diminishes, 27 bringing the primate model back in parallel with the rodent model.
Glial cells in the median eminence
Thus far, this article has focused on the hypothalamic GnRH terminals in the median eminence. However, glial cells constitute a significant part of the median eminence, and they interact extensively with adenohypophysial neurons and the portal capillary system. 10, 32 It is important to consider the expression of glia in the median eminence, and further, to understand how they change with aging in their intrinsic properties and in their inter-relationships with GnRH terminals.
The median eminence expresses three glial cell types -astrocytes, microglia, and tanycytesas illustrated in Figure 3 . For these micrographs, we used hypothalamic tissues from transgenic mice, kindly provided by Dr. Wesley Thompson's laboratory (University of Texas at Austin; protocols were approved by the Institutional Animal Care and Use Committee).33 These transgenic mice had the green fluorescent protein (GFP) marker driven by promoters for different glial cell type (astrocyte: S100; microglia: S100; and tanycyte: nestin). Notably, when S100 was used to drive expression of GFP, the glial cells differentiated into either astrocytes or microglia, which could be distinguished by other specific astrocyte and microglia markers and which had very different and easily differentiated morphological properties; see 33 for details). Tissues from each transgenic mouse line were immunolabeled for GnRH using the mouse monoclonal antibody, HU11b.34 The distribution of the three glial cell types, and their close relationship with the GnRH neuroterminals, can be clearly seen in the median eminence ( Figure 3) . GnRH axons and terminals are in close proximity to astrocytes, tanycytes and microglia cells. The microglia and astrocyte signals are evenly distributed in the lateral portion of the median eminence. In the central portion of the median eminence, astrocytes show long extended processes in the myelinated axon zone with some processes extending to the portal capillary zone. Interestingly, nestin-GFP signal was observed in the tanycytes, similar to earlier reports of nestin immunohistochemistry in human hypothalamus. 35 Nestin is an intermediate filament protein that had originally been identified as a marker of neuroepithelial stem/ progenitor cells. 36 We observe nestin-GFP signal in the mouse hypothalamus with the same pattern as that described for tanycytes and ependymal cells 10 (Figure 3 ). These transgenic mice models provide us with excellent resolution of the interaction between GnRH neuroterminals and glia (Figure 4 ).
Glial cells and the aging median eminence
Tanycytes are believed to be involved in the transport and release of hormones in the median eminence. 37 It has been proposed that the regulation of GnRH terminals may result from ensheathment by tanycytes, 38 which may allow GnRH terminals access to the portal vasculature or to other neuronal processes. Tanycytes appear to play a role in the remodeling of the aged basal hypothalamus in male and female rats through phagocytotic actions on degenerating neurons. 39, 40 Light and electron microscopic studies show that tanycytes undergo morphological modifications with the increased presence of lipid droplets in the cytoplasm of aging male and female rats compared to their younger counterparts. 39 However, relatively little is known about how glial cells in the median eminence undergo age-related changes, and even less about the more specific relationships between GnRH terminals and their glial environment with aging.
We have recently undertaken studies in our laboratory to determine effects of aging on the organization of the median eminence. Using ultramicrotome sections of the median eminence of young, middle-aged and old female rats, we observed significant age-related changes in the structure of the median eminence, and more specifically, substantial changes to the morphology and anatomy of tanycytes. 41 In young female rats, tanycytic cell bodies are lined up along the third ventricle and extend a long process across the median eminence to the portal capillary vasculature (e.g., Figure 2 , 5). With aging, tanycyte processes become thicker and disorganized in the pericapillary zone, with a loss of perpendicular orientation ( Figure 5 ). We also noted that the relationships among tanycytes, neural terminals, and the basal lamina of the portal capillary system undergo a progressive disorganization. 41, 43 In young rats, the basal laminar boundary is easy to discern, but with aging, the boundary between the neuroterminals of the pericapillary zone and the portal capillaries becomes convoluted ( Figure 5 ). These structural changes to the organization of the median eminence are likely to alter the function of the selective barrier of the portal system, and alter the access of neuropeptides such as GnRH to the portal blood vessels. As the neural-glial relationship is considered to be important for the maintenance of neuroendocrine function,11 , 42 and it undergoes age-related changes, we speculate that there is an alteration in the ability of GnRH (and other) terminals to release their neuropeptide effectively. Further research is necessary to ascertain how these processes occur.
Links among GnRH terminals and glia in the aging median eminence
The microenvironment of the median eminence maintains the ability of GnRH neuroterminals to release the decapeptide. Our laboratory performed cryo-embedding immunogold electron microscopy for GnRH using ultrathin sections collected from the caudal median eminence of aging rats. Using this technique, we were able to identify GnRH immunopositive terminals and compare their ultrastructural differences, as well as to study the changes in their surrounding microenvironment with aging 41 . We quantified several properties of the GnRH immunopositive terminals including the size of terminals, the density of secretory vesicles (large dense-core vesicles LDCV) within the terminals, the density of immunogold-labeled GnRH peptide and the area fraction of mitochondria in our rats. 43 Our ultrastructural data suggest that the major change to GnRH immunopositive terminals with age is an increased density of large dense-core secretory vesicles in the terminals. We believe this may reflect a buildup of vesicles due to the loss of ability to release the peptide, consistent with reports of decreased GnRH/LH release with age.29
Previously, GnRH terminal and glial interactions have been investigated in young rats, with differences detected in the distance between GnRH terminals and the basal lamina, the ensheathment of GnRH terminals by tanycytes, and the proximity of GnRH terminals to portal capillaries in animals of differing developmental age and hormonal status. 44 Additional TEM studies from our laboratory using postembedding tissues immunolabeled for GnRH provide ultrastructural evidence that the ensheathment of GnRH neuroterminal by glia decreased in old female rats indicating a decreased GnRH-glia interaction during the aging process. 41, 43 
Conclusions
A greater understanding of the structure of the median eminence is necessary to fully appreciate the regulation of the release of neurohormones such as GnRH. The morphology of nerve terminals and glia, particularly tanycytes, undergoes dramatic age-related changes. There are also changes in subcellular properties of GnRH terminals such as decreased tanycytic ensheathment and an increase in the density of secretory vesicles with aging. Further, the linear organization of tanycytes in the median eminence becomes lost in the aging median eminence. These findings are interpreted to mean that GnRH release in aging rats is impeded by structural organizational changes. By studying ultrastructural properties of the median eminence, and relating them to reproductive status, we are increasing our understanding of the potential role of the hypothalamus in reproductive senescence in female mammals. Schematic representation of the hypothalamic-pituitary axis components that are involved in the control of reproduction. Panel A: The locations of the base of the hypothalamus (pink) and median eminence (dark red) are shown in reference to the brain as a whole. At the next layer of magnification (panel B), four GnRH cell bodies are depicted in yellow, with their nerve terminals projecting through the median eminence (dark red) to the portal capillaries (light red). Panel C is the highest magnification of the GnRH axons terminating at the portal capillaries. Tanycytes (green) are interspersed between GnRH and other terminals, and microglia (dark yellow) are shown. The blue circles in the axons and terminals in panels B and C represent large and small secretory vesicles. As the organization of the median eminence in this schematic is linear and the portal capillary vasculature basal lamina border is regular, this drawing depicts the situation in young rats. In aged rats (not shown) these relationships become disorganized. Electron micrographs of the median eminence are shown, with transmission EM (TEM, A-E left) and scanning EM (SEM, F-K right). A) Half of the median eminence is shown in a low magnification TEM section, oriented with a slight angle to show the structures from the ventral 3 rd ventricle (3V) to the dorsal portal capillary (Cap). Distinctive cellular structures of the four zones (I, II, III, IV) from the 3 rd ventricle to the portal capillary are show in higher magnification in panels B, C, D and E, respectively. The corresponding SEM micrograph (F) shows the median eminence on a 100 µm coronal section. Tissue is oriented at a slight angle to show the floor of the 3 rd ventricle and the cryo-fractured lateral median eminence. Cellular structures from the 3 rd ventricle to the portal capillary in the lateral median eminence are shown in panels Confocal fluorescence images are shown for transgenic mice with green fluorescent protein (GFP) labeling of astrocytes (A), microglia (B) and tanycytes (C). In all three panels, tissues were subjected to fluorescence immunohistochemistry with a GnRH mouse monoclonal primary antibody (HU11b34), detected with an anti-mouse secondary antibody linked to the fluorophore Texas red. Immunoreactive GnRH neuroterminals (red) are seen in close proximity to all three glial cell types. For astrocytes (A) and microglia (B), these cells are scattered fairly evenly through the median eminence. Tanycyte cell bodies (C) are aligned along the 3 rd ventricle, and they extend long processes to the base of the brain at the portal capillary system. Scale bar = 100 µm, Cap = portal capillary region, 3V = 3 rd ventricle. Confocal microscopic image showing the network of GnRH neuroterminals, tanycytes and their relationship to the portal capillary vasculature of a representative young male nestin-green fluorescent protein (GFP) mouse (a marker for tanycytes). Tanycytic endfeet (seen in the green GFP channel) separate GnRH processes (seen as punctate red immunofluorescence, labeled by Texas red) from the portal capillary bed (DIC signal, pseudocolored in blue). Scale bar = 20 µm. Transmission electron microscopic images showing the organization of the pericapillary zone of the lateral median eminence from a representative young (A), middle-aged (B) and old (C) ovariectomized rat. In young rats, tanycyte processes (Tan) are long an narrow, and organized linearly from top (towards the 3 rd ventricle) to bottom (towards the portal capillaries, delinated with the thick black line). With aging, tanycyte processes become larger, wider and disorganized, with a distinct loss of perpendicular orientation. In addition, the boundary between the neuroterminals (arrow) of the pericapillary zone and the portal capillaries (outlined in thick black) becomes very convoluted with age. Scale bar = 2 µm.
